Over 75,000 permeability measurements were collected from a meter-scale block of Massillon sandstone, characterized by conspicuous cross bedding that forms two distinct nestedscales of heterogeneity. With the aid of a gas minipermeameter, spatially exhaustive fields of permeability data were acquired at each of five different sample supports (i.e., sample volumes) from each block face. These data provide a unique opportunity to physically investigate the relationship between the multi-scale cross-stratified attributes of the sandstone and the corresponding statistical characteristics of the permeability. These data also provide quantitative physical information concerning the permeability upscaling of a complex heterogeneous medium.
Introduction
Geologic materials are inherently heterogeneous owing to the depositional and diagenetic processes responsible for their formation. These heterogeneities often impose considerable influence on the performance of hydrocarbon bearing reservoirs. Unfortunately, quantitative characterization and integration of reservoir heterogeneity into predictive models is complicated by two challenging problems. First, the quantity of porous media observed and/or sampled is generally a minute faction of the reservoir under investigation. This gives rise to the need for models to predict material characteristics at unsampled locations. The second problem stems from technological constraints that often limit the measurement of material properties to sample supports (sample volumes) much smaller than can be accommodated in current predictive models. This dispm.ityin support requires measured data be averaged or upscaled to yield effective properties at the desired scale of analysis.
The concept of using "soft" geologic information to supplement often sparse "hard" physical data has received considerable attention.*t2Successful application of this approach requires that some relationship be established between the difficult to measure material property (e.g., permeability) and that of a more easily observable feature of the geologic material. The description and quantification of heterogeneity is necessarily related to the issue of scale. It is often assumed that geologic heterogeneity is structured according to a discrete and disparate hierarchy of scales. For example, the hierarchical models proposed by Dagan8 and Haldorseng conveniently classify heterogeneities according to the pore, laboratory, formation, and regional scales. This assumed disparity in scales allows parameter variations Occurnng at scales smaller than the modeled flowh.ransport process to be spatially averaged to form effective media properties,1@14 while large-scale variations are treated as a simple deterministic trend.215 However, natural media are not always characterized by a large disparity in scales as assumed above;*6but rather, an infinite number of scales may coexist17-m leading to a fractal geometry or continuous hierarchy of scales. 21 Chistic sedimentary formations have long been described in terms of the hierarchy of bedforms specific to a particular depositonal environment. The hierarchical bedform assemblages largely dictate the spatial permeability patterns characterizing these formations. Two empirical examples include the Page sandstone, an eolian deposit,zn and the Rannoch Formation, a storm-dominated shoreface sandstone.24Experimental observation and numerical studies2&X suggest that even the smallest-scale heterogeneities can significantly influence flow and transport processes for a number of important engineering problems. Representing small-scale structure in upscaled parameters is complicated by the tendency of the bedforms to vary in size, shape, and orientation across the hierarchy of scales. For this reason, the computation of grid-block permeabilities is commonly approached numerically as the output of fine-scale simulations. This process is performed in a stepwise manner starting at the smallest scale of heterogeneity and progressing from one discrete scale of heterogeneity to the next until the desired scale of analysis is achieved. This is referred to as upscaling by grid-block averaging or psuedofunctions.3032Kasap and Lake33offer an analytical alternative for calculating the full effective block permeability tensor.
Although the issue of heterogeneity, its upscaling, and its integration into predictive models has received considerable attention, detailed physical data for challenging our understanding is limited.
To meet this need, a minipermeameter test system capable of acquiring spatially exhaustive suites of permeability data at each of a series of different sample supports was adapted?4 Here, this technique is employed to physically characterize a cross-stratifkd block of Massillon sandstone exhibiting two nested-scales of heterogeneity: a small-scale feature defined by ubiquitous low-angle cross stratification and a large-scale feature defined by the bounding surfaces delineating the individual cross-stratified sets. Using a portion of the over 75,000 permeability measurements the interrelationship between heterogeneity, permeability patterns, and permeability upsca.ling is investigated. With these data answers to the following questions are explored: is there a relationship between the measured permeability characteristics and the visual aspects of the sampled block face; does the permeability upscale in a consistent and quantifiable manneq do the different scales of heterogeneity exhibit different upscaling behaviou do the permeabilities measured in different cross-stratified sets exhibit similar statistical characteristics and upscaling behavior?
Methods and Materials
Here, we present a brief overview of the experimental technique and a description of the Massillon sandstone sample. Our approach, involving the collection of large suites of permeability data at each of five different sample SUppOIIS, h= fJVOdistinwishingaspects. FirsL the perm@W data are collected on a densely sampled grid. The spatially exhaustive nature of the data is necessary to quantify the distributional and spatial permeability statistics with a high degree of confidence.
Second, all measurements, regardless of the sample support, are: 1) subject to consistent boundary conditions and flow geometries; 2) non-destructive, thus allowing all data to be collected from the same physical sample; and, 3) precise, subject to small and consistent measurement error. Such consistency in measurement is necessary for d~ect comparison of permeability data collected with different sample supports. By way of these controls, the acquired data are uniquely qualified for investigating the interrelationship between heterogeneity, permeability patterns, and permeability" upscaling.
Multi-Support Permeameter (MSP).
Data were acquired with a specially designed minipermearnete#5-37test system, termed the Multi-Support Permearneter (MSP).~Permeability is measured by simply compressing a tip seal against a flat, fresh rock surface while injecting gas at a constant pressure. Using information on the seal geometry, gas flow rate, gas injection pressure, and barometric pressure, the permeability is calculated using a modified form of Darcy's Law.37 .,-n.
The fabric of the sandstone s~ple is characterized by a series of sub-horizontal bounding surfaces spaced approximately [16] [17] [18] [19] [20] [21] [22] cm apart (Fig. 1A) . The bounding surfaces are planar with locally undulatory interfaces. Between the bounding surfaces low-angle cross stratification is evident with individual laminae spaced approximately 0.5-2 cm apart. In each of the cross-stratiled sets (delineated by the bounding surfaces) the laminae are unidirectionally oriented with an apparent dip varying from 10°to 22°. Tangential contacts between the cross stratification and bounding surfaces "arecommon.
The composition, sorting, and structure of the formation suggest that the Massillon sandstone was deposited subaqueously under relatively energetic conditions. However, there is some uncertainty concerning the actual mode of deposition, with both fluvia143 and tidal environments having been suggested. It should be noted that each face of the Massillon sandstone block is marked by a small number of narrow voids. These voids appear to be the mold of some feature that subsequently weathered from the rock. MSP measurements made directly on or very near these voids have no real meaning because unrestrained gas flow occurred. As the voids are few and disconnected, the measured, 
Results
Here, we explore the permeability statistics and permeability upscaling measured on the Massillon sandstone sample. The analysis begins with the measured permeability fields and then progresses to the cumulative distribution function and semivariogram, respectively. Each statistical measure is analyzed with respect to its relation to the structural features visibly evident in the . sampled block face and the manner with which it upscales. By upscaling, we mean the change in the statistic as the sample support (i.e., sample volume) increases. In each case analyses are performed for the entire block face and individually for each cross-stratifkd set. AIthough this amdysis could encompass many statistical measures, the discussion is limited to select statistics, which were chosen so as to provide a reasonably broad basis of investigation. The selected statistics also form the basis for most geologic simulators and theoretical upscaling models. (Fig. 1A) reveal a remarkable similarity between the structural features visible in the rock face and the spatial patterns characterizing the two-dimensional permeability fields. Four welldefined sets of cross stratification, which we designate as Sets I-IV (see Fig. lC) , are delineated by
three bounding surfaces. These bounding surfaces are marked by zones of distinctly lower permeability that vary from 3-6 cm in thickness and fully span the width of the sampling domain.
Between these bounding surfaces permeabilities are clearly higher and structured, exhibiting bands of alternating permeability, corresponding to the low-angle cross stratification.
Comparison of the permeability fields reveals upscaling, as evidenced by the distinct smoothing that accompanies increasing tip seal size. This smoothing reflects the preferential filtering of the small-scale structure associated with the low-angle cross stratification. That is, as the measurement becomes large compared to the small-scale feature, its signature becomes increasingly blurred. As the small-scale structure is faltered, the Imge-scale features associated with the three bounding surfaces become more apparent.
The sequential faltering of the small-scale heterogeneity is particularly evident in permeability smaller-scale (high-frequency) feature is superimposed. As the tip seal size is increased the smallscale feature is sequentially filtered while the large-scale structure is preserved.
The small-and large-scale structures evident in these transects can be easily related to the crossstratified features visible in the sampled block face. Normal to the bounding surfaces ( (the fourth cycle is partially truncated as the bounding
The associated small-scale structure is ubiquitous and appears to be a product of the low-angle cross stratification comprising each set. Parallel to the bounding surfaces ( Fig. 2A ) both small-and large-scale structures are evident. Again, the smallscale structure appears related to permeability variations arising from the low-angle cross stratification, while the large-scale structure (with a period of approximately 50 cm) is believed to be the result of changes in the sediment source coincident with the progradation of the bedfom.
Cumulative Distribution Functions. The cumulative distribution functions (CDFS) for the natural-log permeability data measured with the five different-size tip seals are given in Fig. 3 . Each of the CDFS is characterized by a distinct negative skew, which suggests the permeability is not lognorrnally distributed. The skewness is largely a product of the bands of lower permeability associated with the bounding surfaces, particularly Set IV. Even with this skewness, the total range in permeability spanned by the five CDFSis relatively narrow, approximately six natural log cycles or just over two orders of magnitude on an arithmetic scale.
Several changes in the CDFSrue evident with increasing tip seal size. Subtle differences are noted across the entire distribution, however, the most signiilcant changes occur in the lower tail. As the tip seal size increases there is a decrease in the skew. Rather than the distribution becoming symmetric, a bimodal structure appears. The two modes are distinguishable in the CDFSfor 1.27-and 2.54-cm tip seals by the offset evident between the 1st to 5th percentiles. This trend toward a weak bimodal distribution reflects the organization of the permeability field into alternating bands of "high-" and "low-permeability" (see Fig. 1 ); that is, the small-scale variability is filtered from the permeability field leaving a simple layered system (i.e., the large-scale structure). Also, the mean and variance of the CDFS change with increasing sample support. To explore this behavior in more detail, the mean and variance of the natural-log permeability are plotted as a function of the imer tip seal radius in Fig. 4 ("all sets"). Both upscale according to power-law relation (see below) in which the mean increases with increasing sample support (i.e., sample volume), while the variance decreases. Although not shown, these trends extend to larger scales. A single permeability
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-----measurement that integrates over much of the sampling domain was made with a large tip seal (7.62-cm q) centered on the sampling grid. Its measured value, -26.2 m2, is consistent with the trend shown in Fig. 4A . Lkewise, the variance is seen to asymptotically approach a value of zero, which must be achieved when the characteristic length of measurement equals the dimension of the sampling grid.
CDFS were also calculated for individual sets of cross stratiilcation. Results for Sets II and IV are given in Fig. 5 . In general, there are relatively few differences between these CDFS,which for Set I, which exhibits a high mean and low variance relative to the others, was truncated from the analysis by the position of the sampling grid.
Spatial Structure. The spatial correlation of the natural-log pemneability data was also investigated. Full two-dimensional semivariograms were calculated for each of the five tip seals using Fourier analysis (via the Fast Fourier Transform).42%The two-dimensional semivariogram for the 0.15 cm tip seal is given in Fig. 6 for reference. In addition, transects oriented parallel and normal to the bounding surfaces, and taken through the center of the two-dimensional semivariograrns, are plotted in Fig. 7 . To quantify the spatial structure, semivariogmm models were fit to each of the transects (Fig. 7) . Two nested anisotropic exponential models coupled with a The characteristics of the semivariograms are easily related to the structural features visible in the sampled block face (Fig. 1A) . The sernivariograrns reveal a strong degree of anisotiopy reflecting the stratified structure of the Massillon sandstone sample. Long-range spatial correlation is apparent parallel to the bounding surfaces while shorter-range correlation, with a strong holeeffec~is exhibited normal to the bounding surfaces (Fig. 7) . Table 1 ). The range upscaling simply reflects the fact that as the tip seal size increases, two measurements must be separated that much firther apart(i.% proportion~to fie in==% The variance upscaling associated with each of the structural features identified in the semivariograms is also explored. The variances corresponding to the small-scale feature, the largescale feature, and the hole-effect feature were determined from the fitted semivariogram model parameters in Table 1 (o:, o:, and a; in Eq. 2, respectively). These variances are plotted as a function of the inner tip seal radius in Fig. 8 . In each case the variances follow smooth but different upscaling trends. The greatest loss of variance is associated with the small-scale feature. The variance for the large-scale feature exhibits a gradual decline that accelerates with increasing tip seal size. The variance associated with the hole-effect structure exhibits relatively minor variation over all tip seal sizes. These plots demonstrate that the heterogeneities associated with structures smaller than the tip seals, or more specifically Cfl,are falteredfrom the da~while the heterogeneities associated with structures larger than the tip seals are preserved in the data. Two-dimensional semivariograms were also calculated for each of the individual cross-stratified sets. Semivariograms for the 1.27-cm tip seal are plotted in Fig. 9 for Sets II and IV. Both crossstratified sets exhibit distinct anisotropy with the principal axes oriented at an inclined angle to the horizontal. Although not shown, both sets also exhibit similar upscaling trends, characterized by a decreasing sernivariogram sill, increasing range, and a consistent semivariogram structure with increasing tip seal size. A notable difference between the two cross-stratified sets is the orientation of the principal permeability axes, and hence the orientation of the cross stratification. In Set H the cross stratification is inclined at an angle of 10°while Set IV it is inclined at an angle of 22°, consistent with the orientation of the cross stratification visibly evident in the sampled block face (Fig. 1A) . This difference is likely the result of changes in the sediment load and/or flow conditions between depositional events. 
Discussion
Here, we explore implications of the heterogeneity, permeability patterns, and permeability upscaling measured on the Massillon sandstone sample. Three different results are discussed, each with bearing on the characterization and modeling of heterogeneous geologic materials.
FirsL distinct similarities were identifkxi between the spatial characteristics of the permeability data and the visual attributes of the sampled block face. This result provides encouraging evidence that the textural and structural patterns visibly evident in a rock sample can be used to characterize the spatial patterns and spatial statistics of its permeability. Establishing such a relationship is particularly important in the context of reservoir characterization where permeability data are generally a limited commodity. Currently, we are quantitatively investigating this relation by comparing these permeability fields and others with digitized photographic images of the corresponding block faces, while we assess the textural and diagenetic controls on the measured permeability through detailed analysis of thin-sections taken from the Massillon sandstone sample.
Second, summary statistics calculated for the individual cross-stratified sets were found to exhibit the same general characteristics as that of the integrated sample taken across all sets. This similarity is believed to result from a general consistency in the depositional processes forming the individual cross-stratified sets. It also suggests that many of the important statistical characteristics of permeability can be reconstructed directly from the summary information contained in the integrated sample statistics. However, some potentially important features are not resolved, including the difference in the meanlvariance between cross-stratified sets and the orientation of the low-angle cross stratification.
Third, the upscaling trends exhibited by the permeabili~statistics are qualitatively consistent with the basic concepts of volume averaging. Specifically, measurements made with larger tip seals
e., sample supports) integrate over more heterogeneity, with those features smaller than the tip seal being preferentially filtered from the data. This is evident in the permeability fields (Fig. 1) , transects (Fig. 2) , and sernivariograms (Fig. 7) where the small-scale structure associated with the low-angle cross stratification is sequentially filtered from the daa while the signature of the largescale bounding surfaces is preserved. Larger tip seals sequentially integrating over more heterogeneity also explain the decreasing variance (Fig. 4B ) and decreasing semivariogmm sill (Fig.   7) . The increasing semivariogram range is explained by the increasing~, accompanying the increasing tip se~radius (Table 1) .
However, inspection of the mean upscaling suggests that the spatial averaging process may not be so simple. The fact that the mean of the natural-log permeability ( 
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Conclusions
A comprehensive suite of data characterizing the spatial permeability patterns and permeability upscaling for a cross-bedded sandstone exhibiting nested scales of heterogeneity was presented.
Analyses were based on over 75,000 permeability measurements (with over 12,000 shown here)
collected from a meter-scale block of Massillon sandstone. These studies were made possible through the use of a novel experimental system termed the Multi-Support Permeameter (MSP).
With this system suites of spatially exhaustive permeability data were collected at five different sample supports (i.e., sample volumes), each subject to the same measurement conditions. Here, the results are summarized in the context of the questions raised in the introduction to this paper. preferentially filtered from the permeability distribution, while the large-scale structure is preserved.
This faltering effect is evident in the permeability fields, transects, CDFS, and the sern.ivariograms.
4. Individual cross-stratified sets exhibit similar statistical and upscaling characteristics suggesting that consistency in depositional process results in relatively consistent statistical characteristics and upscaling behavior. However, some differences do exist between sets (e.g., mean permeability, permeability vari~ce, and orientation of the low-angle cross stratification), which likely reflect changes in the flow velocity, flow orientation, sediment load, and/or size distribution of the sediment between depositional events. ., .,... Table 1) plotted versus inner tip seal radius. .,. . ..
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